Halogenated compounds are widely used as biocides, disinfectants, solvents, or flame retardants and have been released in large quantities into the environment. In addition to these anthropogenic, halogenated compounds, brominated compounds are produced in situ by organisms in marine and estuarine environments (14) . Dehalogenation of brominated and chlorinated compounds has been observed in many estuarine and marine sediments under a variety of redox conditions (15, 16) . The dehalogenating bacteria may also mediate biodegradation of xenobiotic halogenated compounds, such as polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans, or polychlorinated biphenyls (1, 4, 8, 24, 38) . Therefore, identification of the organisms responsible for dehalogenation is an important first step for developing appropriate bioremediation methods for site-specific treatment.
However, elucidating the metabolic roles of members of complex microbial communities without isolation and testing of individual strains in the laboratory remains a challenge. In one approach genomic DNA is used for PCR amplification of ribosomal or functional target genes (17, 30, 32, 34, 39) . Unfortunately, the DNA-based methods have the drawback that the total community is assayed, whether it is active or inactive. Recently, small-subunit ribosome characterization by using group-specific probes (5, 11) or species-specific approaches (9, 10, 27, 29) have been used to distinguish the active members of a microbial community. The characterization method in which intact rRNA is used is a more sensitive method of assessing a system since there appears to be a robust relationship between growth and rRNA content for a variety of microorganisms (18, 22) .
Here, we describe an assay in which we used a starved consortium (low-ribosome-content culture) fed a suite of selective substrates and analyzed the newly synthesized 16S rRNA as a way to assign a metabolic role to members of a previously characterized sulfidogenic, 2-bromophenol (2BP)-dehalogenating consortium by using terminal restriction fragment length polymorphism (T-RFLP) analysis of reverse-transcribed rRNA (3) . This system was used because respiratory dehalogenation is a dissimilatory process in which the halogenated compounds are not incorporated directly into microbial biomass. Therefore, radiolabeled compounds cannot be used to track the microorganism(s) that actively transforms these compounds. The approach is predicated on the observation that cultures of marine bacteria exhibit spikes in rRNA content during non-steady-state growth (21) , and it is similar to a previously described approach in which bioreactors and singlestrand conformation polymorphism analysis were used (9, 10) . By first starving a consortium and then supplying various substrates, it is possible to identify the microorganisms which actively grow after addition of various amendments (i.e., the bacteria that utilize particular substrates) by characterizing the newly synthesized 16S rRNA. Starved cells that do not utilize a particular substrate do not create new ribosomes and are not discernible. Thus, the active microbial community that is performing a metabolic function is distinguished from the inactive community.
MATERIALS AND METHODS
Culture conditions. A sediment enrichment from the Arthur Kill, an intertidal strait on the New York-New Jersey border, was used as the starting culture for this study (23) . The enrichment was maintained in a minimal salts medium (MSM) containing (per liter) 1.3 g of KCl, 0.2 g of KH 2 PO 4 , 23 g of NaCl, 0.5 g of NH 4 Cl, 0.1 g of CaCl 2 , 3 g of MgCl 2 , and 2.84 g of Na 2 SO 4 . The MSM was purged for 30 min with nitrogen gas scrubbed through hot, reduced copper filings, and then NaHCO 3 (2.5 g/liter) was added and the medium was purged with 30% CO 2 -70% N 2 for an additional 15 min. The bottle was sealed and autoclaved for 30 min, and then it was cooled. A sterile, anoxic vitamin solution was added; this solution contained (per liter of medium) 0. 4 , 0.008 mg/liter of medium. For enrichment of dehalogenating bacteria, we prepared dehalogenating medium (DM) by omitting Na 2 SO 4 and adding 2.5 mM lactate and 2.5 mM acetate as electron donors to MSM. (Routinely, we added a halogenated compound at concentration of 300 M as the sole electron acceptor.) To prepare the sulfate medium used in this study, we added 5 mM lactate to MSM. Lactate medium (LM) was a complex medium described previously (40) .
Chemical analysis. Phenol and halogenated aromatic compounds were analyzed by high-performance liquid chromatography (HPLC) (LC-10AS; Shimadzu Corp., Kyoto, Japan) with a C 18 column (Spherisorb; 4.6 by 250 mm; particle size, 5 m; Phenomenex, Torrance, Calif.) by using a flow rate of 1 ml/min, CH 3 OH-H 2 O-CH 3 COOH (60:38:2) as the eluent, and a UV detector set to 280 nm. Organic acids were analyzed by HPLC with an HPX-87H column (Bio-Rad) by using a flow rate of 1 ml/min, 0.004 mM sulfuric acid as the eluent, and a UV detector set to 210 nm. Ion chromatography (Dionex DX-120) with an Ion Pac AS9 column was used for measurement of sulfate, sulfite, thiosulfate, and nitrate by conductivity detection. The protein yield was measured as an indicator of cell growth by the Lowry method following alkaline hydrolysis.
Time course studies with starved enrichments and specific amendments. An enrichment was fed successive doses of 600 M 2BP, transferred, and subcultured over the course of 1 year to obtain a final working volume of 2 liters. Sequential transfers of the culture into fresh medium diluted the culture to 10
Ϫ4
of the original enrichment. The culture was incubated without feeding for approximately 3 months prior to initiation of the experiments to minimize the background ribosome activity. Two liters of the starved culture was centrifuged at 16,000 ϫ g for 10 min, and the cell pellet was washed twice in 2 liters of SO 4 2Ϫ -free medium. The final washed cell pellet was resuspended in 2 liters of SO 4 2Ϫ -free medium. All culture manipulations were done in an anaerobic glove box (Coy Laboratory Products, Inc.) with an atmosphere containing 3% H 2 and 97% N 2 . Headspaces were subsequently purged with 30% CO 2 -70% N 2 to remove the hydrogen. The culture was divided into 100-ml subcultures in 160-ml serum bottles. Coculture development. In an attempt to isolate dehalogenating bacteria, the original sulfidogenic enrichment was washed with DM, and 1% (vol/vol) of the suspension was transferred and spiked with 2BP. After three transfers (total dilution, 10 Ϫ6 ), a portion of the culture was serially diluted in agar shake culture tubes and incubated in a dark room at 28°C. After 4 weeks, colonies were picked and transferred to liquid medium and then cultivated to check for dehalogenating activity. We retrieved 10 cultures having 2BP dehalogenation activity. One of these cultures was selected for further study, and colonies were reisolated in agar shake dilution cultures.
Nucleic acid extraction and purification. Cells were filtered from the enrichments or the cocultures by using 0.2-m-pore-size Supor 200 filters (Gelman Sciences), and nucleic acids were purified by a modified phenol-chloroform method as described previously (34) . The resulting total nucleic acid pellet was resuspended in diethylpyrocarbonate-treated water or 10ϫ Tris-EDTA. The RNA was purified from the total nucleic acid extract with a Qiagen DNA/RNA kit or by digestion with RNase-free DNase (Promega Corp.). Total genomic DNA and 16S rRNA were quantified by image analysis of the bands in an agarose gel as described previously (20) .
T-RFLP of 16S rRNA genes and reverse-transcribed 16S rRNA in enrichments. PCR with 10 ng of genomic DNA was carried out by using the 27 F (fluorescently labeled) and 1525 R primers and standard conditions (33) . Reverse transcription and PCR were performed by using the Titan one-tube reverse transcription-PCR system (Roche), 10
Ϫ14 to 10 Ϫ15 g of 16S rRNA, and the 27 F (fluorescently labeled) and 519 R primers according to the manufacturer's recommendations; 5 U of RNase inhibitor (Promega) was also added. PCR products were gel quantified and then subjected to restriction digestion for 6 h with MnlI (New England Biolabs, Inc., Beverly, Mass.).
Testing single dehalogenating colonies for purity. T-RFLP analysis and microscopy were used to check the makeup of the purified culture. The peak area in the T-RFLP electropherogram was used for relative quantification of the members of the coculture. To use this PCR-T-RFLP method for quantification, we needed to verify whether the T-RFLP peak area could be used to estimate microbial population size, as shown previously (7) . Briefly, the 16S rRNA gene clones of strains 2BP-48 and BP212 were mixed in different proportions. The mixed DNA was then amplified and used for T-RFLP analysis. In this analysis, the ratios of the cloned genes did not differ significantly from the ratios of the T-RFLP peak areas (r 2 ϭ 0.96), and the ratio of the T-RFLP peaks from the coculture was used to estimate the cellular ratio of the two strains.
Characterization of the dehalogenating bacterium. A 1% (vol/vol) inoculum from an actively dehalogenating coculture grown on lactate and 2BP was washed and used to test the range of electron acceptors. The compounds used (3-bromophenol, 4-bromophenol, 2,6-dibromophenol, 2,4,6-tribromophenol, 2-chlorophenol, 3-chlorophenol, 4-chlorophenol, 2-iodophenol, 2-bromobenzoate, 3-bromobenzoate, and 4-bromobenzoate) were each added at a concentration of 300 M, and turbidity and T-RFLP analysis data were used as indicators of the growth of strain 2BP-48. Fumarate, sulfate, sulfite, thiosulfate, and nitrate were also tested as electron acceptors at a concentration of 5 mM with lactate as the electron donor. To test the range of electron donors, lactate, acetate, pyruvate, hydrogen, formate, propionate, and butyrate were each added at a concentration of 5 mM to medium containing 2BP as the sole electron acceptor. The cultures were periodically monitored for transformation of electron acceptors by HPLC and ion chromatography.
To test for salt dependence, various concentrations of NaCl (0 to 23 g/liter) were added to DM. To study the effect of sulfate on dehalogenation of 2BP, 5 mM sulfate was added to DM containing 300 M 2BP and electron donors. Before all of the sulfate was consumed, we measured the 2BP content to calculate the reductive dehalogenation activity. The coculture grown in DM was harvested for microscopic observation. Gram staining was done by Hucker's method (12) . Phase-contrast photomicrographs of cells spread on slides were taken with an Olympus BH-2 microscope equipped with a C-35 AD-2 camera.
Sequence analysis. A clonal library was prepared by using a TA cloning kit (Invitrogen, Carlsbad, Calif.) according to the manufacturer's instructions. For sequence analysis, 50 clones were randomly picked and grown overnight. Plasmid DNA was purified by using a Nucleospin Plus plasmid miniprep kit (CLON-TECH Laboratories, Inc., Palo Alto, Calif.) according to the manufacturer's instructions. Individual plasmid templates were combined in triplicate and subjected to T-RFLP analysis as described above in order to identify clones of interest to be sequenced. Clones were sequenced with a Perkin-Elmer ABI 310 automated sequencer by using primer M13F or M13R and primer 519R. All sequences obtained were compared with entries in the GenBank database by using Blast (2) .
RESULTS
Amendment studies. The 2BP-utilizing, sulfate-reducing master enrichment typically degraded 600 M 2BP within about 3 weeks (Fig. 1a) . Low concentrations of phenol were detected transiently, and the phenol was presumably mineralized via sulfate reduction, as reported previously (23) . We then added various amendments to the enrichment culture in order to separate the activities of the organisms responsible for dehalogenation and degradation of the phenol daughter product. Although each amended culture contained the same microbial population, when different substrates were added, different members of the starved community became active and produced ribosomes. For example, a starved, washed culture was supplemented with 2BP and sulfate, 2BP and hydrogen, or phenol and sulfate and monitored for substrate conversion. The additional controls were phenol without sulfate and an autoclaved culture. The population flux during substrate use in these amended cultures was examined by T-RFLP analysis of reverse-transcribed 16S rRNA. After an initial lag of 2 to 5 days, each treated preparation was active and exhibited the expected transformation of the substrates added (Fig. 1) . The degradation of 2BP in the presence of sulfate was similar to that observed for the master enrichment (Fig. 1b) . The results of debromination of 2BP in the presence of hydrogen and in the absence of sulfate are shown in Fig. 1c . Hydrogen use occurred concurrently with debromination of 2BP to phenol. Phenol was degraded only in the presence of sulfate (Fig. 1d) . No phenol degradation was apparent in the absence of sulfate (Fig. 1e) . No methane was produced in any of the cultures, and no activity was observed in the autoclaved controls (Fig. 1f) .
Fingerprint studies. The entire microbial community of the master enrichment could be discerned from the 16S rRNA gene T-RFLP analysis of the genomic DNA ( Fig. 2A) . The fingerprint showed that there were approximately 12 restriction fragments representing the more numerous bacteria present in the consortium. T-RFLP fingerprints for the various substrate treatments are shown in Fig. 2B and C. The organisms represented by the 215-, 224-, 254-, and 298-bp terminal restriction fragments (TRFs) were implicated in phenol degradation (Fig. 2B) , and the organism represented by the 215-bp TRF had the most significant peak size (largest number of ribosomes) that was produced during degradation of phenol. The organisms represented by the 181-and 212-bp restriction fragments appeared to be active only in the cultures in which dehalogenation occurred ( Fig. 2A and C) and were therefore 
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on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ implicated in the dehalogenation process. In the culture with 2BP and hydrogen, the enrichment also produced two TRF peaks which were undetectable in the master culture (218 and 294 bp) (Fig. 2C) . It is likely that these microorganisms were induced by addition of hydrogen and did not play a significant role in 2BP dehalogenation. The results of the T-RFLP analysis of the 2BP-48 clone are shown in Fig. 2D . Here the primary restriction fragment was a 181-bp fragment that matched the peaks seen when dehalogenation was observed. Establishment of a dehalogenating coculture. To selectively enrich the dehalogenating organism(s) in the master enrichment, lactate and acetate were added as electron donors for reduction of 2BP as the electron acceptor in the absence of sulfate. The dehalogenating cultures were serially diluted in deep agar shake tubes and incubated until colonies developed (30 days). Ten distinct colonies (diameters, less than 0.5 mm) were transferred to DM, and these colonies exhibited 2BP-dehalogenating activity. T-RFLP analysis of the purified colony indicated a major peak with a 181-bp TRF (more than 95% of the total peak area) in addition to several minor peaks (Fig. 3B) . With the exception of the peak at 212 bp, the other minor peaks were determined to be restriction digest artifacts, since a clone of the 16S rRNA gene of 2BP-48 exhibited the same pattern of partial digestion (data not shown). When the dehalogenating culture was transferred to sulfate media with lactate as the carbon source or to LM, another strain, designated BP212 (which had the 212-bp TRF), eventually outgrew 2BP-48 and became the predominant organism (Fig. 3C) . No T-RFLP peaks other than these two peaks were detected under any growth conditions. This result indicates that a stable coculture developed from the original enrichment.
Identification of the dehalogenating strain in the coculture. We could not detect any morphological differences between We did not detect spores in old cultures, and the cultures did not grow in oxidized medium. In media containing sulfate, the growth rate of strain BP212 was higher than that of 2BP-48. We could not separate strain 2BP-48 from BP212 by serially diluting the dehalogenating cultures in sulfate medium, DM, or LM, although strain 2BP-48 was the dominant strain in dehalogenating cultures (about 95% of the coculture). Strain BP212 was readily isolated from the culture after several end point dilution cultures in LM, as verified by T-RFLP analysis (Fig. 3c) . Strain BP212 did not exhibit dehalogenating activity with 2BP or other halogenated compounds used in the test for dehalogenation of cocultures with strain 2BP-48 (see below). Phylogeny of dehalogenating strain 2BP-48. The16S rRNA gene sequence of strain 2BP-48 exhibited the highest level of homology with the genus Desulfovibrio (Fig. 4) . Comparison of the 16S rRNA gene sequence of strain 2BP-48 with representatives of the genus Desulfovibrio showed the closest match with "Desulfovibrio gracilis" (similarity, 97%), and there was less than 90% similarity to other Desulfovibrio 16S rRNA gene sequences. Strain BP212 also exhibited the best matches with the genus Desulfovibrio and had levels of similarity of less than 94% with known species of the genus.
Characterization of dehalogenating strain 2BP-48. Since strain 2BP-48 could not be separated from strain BP212 and accounted for nearly 95% of the coculture grown under dehalogenating conditions, the coculture was used for characterization of dehalogenation activity. 2BP was dehalogenated in media containing NaCl at various concentrations (0.6 to 23 g/liter); the optimum NaCl concentration was around 2.9 g/liter. The culture grew slowly in the absence of NaCl but could not grow at NaCl concentrations over 23 g/liter.
Electron donors and acceptors. Lactate and formate supported dehalogenation of 2BP in the coculture. During growth with lactate as the sole electron donor, acetate accumulated in the medium. In the absence of sulfate as an electron acceptor, neither acetate, fumarate, succinate, pyruvate, propionate, butyrate, hydrogen, benzoate, nor phenol supported dehalogenation as an electron donor. Sulfate, sulfite, and thiosulfate supported growth of 2BP-48 as electron acceptors, while nitrate and fumarate did not. The protein increase attributed to 2BP-48 in the total protein increase was determined from the proportion of 2BP-48 cells as estimated by the T-RFLP assay. The coculture could dehalogenate only ortho-substituted halophenols, including 2BP, 2,6-dibromophenol, and 2-iodophenol.
Reductive dehalogenation and growth. During dehalogenation, stoichiometric amounts of phenol accumulated (data not shown). Phenol was not utilized even after prolonged incubation. The protein yield (growth) increased with the amount of 2BP used as an electron acceptor for respiration, demonstrating that growth of the coculture was coupled to reductive dehalogenation (Table 1) . Since strain BP212 was maintained as a minor member of the coculture (about 5% of the coculture) (Fig. 3b) , the bulk of the protein (growth) must have come from stain 2BP-48. This suggests that 2BP-48 was responsible for the reductive dehalogenation in the coculture.
Effect of sulfate on reductive dehalogenation. Since strain 2BP-48 was a significant member of the enrichment developed under sulfate-reducing conditions, we expected that the coculture containing 2BP-48 could dehalogenate 2BP in the presence of sulfate. Indeed, we detected dehalogenation of 2BP in the presence of sulfate. Furthermore, sulfate reduction occurred simultaneously, contributing to an increase in cell mass compared with that observed when 2BP was added as the only electron acceptor. Apparently, dehalogenation was faster in the presence of sulfate than in the absence of sulfate (Table 2) . However, if the cell mass difference due to concurrent sulfidogenesis was considered, the amount of dehalogenation per unit of biomass was significantly decreased by the presence of sulfate. Sulfite and other sulfate reduction intermediates were not detected by ion chromatography during sulfate reduction. 
DISCUSSION
The use of reverse-transcribed rRNA to deduce dehalogenating microorganisms is an important first step in developing appropriate bioremediation recommendations for site-specific treatment. The fact that the rRNA content is related to the growth rate has been known for some time (28, 35) , yet the concept of using molecular biological tools to assay the levels of rRNA of particular members of the microbial community as a means to deduce the growth rate (activity) is a more recent development (19, 22, 31) . For example, Muttray et al. (25) (26) (27) analyzed RNA/DNA ratios for bioreactors utilizing pulp mill wastewater, an activated sludge inoculum, and a specific isolate capable of degrading resin acid. These researchers were able to track responses of the specific isolate to pH shock or changes in substrate bioavailability by hybridization or competitive PCR-reverse transcriptase PCR. However, the metabolic capability of the strains was not deduced by using molecular approaches since the microorganism was in pure culture and the metabolic capabilities were easily determined.
On the other hand, Delbes et al. (9, 10) attempted to deduce the roles of various members in a glucose-fermenting anaerobic digester. They began their experiment with a 1-week starvation period and supplied 11 different substrates to subcultures. Equal volumes of genomic DNA and total RNA extracts were used to create 16S rRNA gene and 16S rRNA amplification products that were subjected to single-strand conformation polymorphism analysis. Only four amendments produced changes in the perturbation study of these workers compared to the control. Addition of starch-lactate led to detectable increases in rRNA from groups associated with Bacteroides, Clostridium, and Synergistes. However, the various metabolic potentials for the particular bacterial members implicated by single-strand conformation polymorphism fingerprinting remained unclear.
In this report, we describe a similar approach for discerning the metabolic role, with important modifications for a 2BP-utilizing, sulfate-reducing enrichment. First, our starvation period was 12 weeks instead of 1 week. This ensured that all members in the perturbation study had a very low ribosome content. Second, we diluted the RNA extract 10 Ϫ6 before reverse transcriptase PCR amplification. This step is critical. PCR bias is greatly influenced by the target molecule concentration and the cycle number (37) . If equal volumes (or masses) of DNA and RNA extracts are added to PCR mixtures, there will most likely be 100-to 1,000-fold differences in the target molecule concentrations in the tubes containing rRNA. This large difference in target molecule concentrations will lead to significant PCR bias. By substantially diluting the RNA sample, we ensured that comparable target molecule concentrations were analyzed and only the most abundant rRNAs were detected by T-RFLP analysis. The rRNA should have corresponded to the bacteria growing on the particular amendment present.
With our different amendments, ribosome fingerprinting identified two major TRF peaks that were involved in dehalogenation, and the results suggested that two microbial species were responsible. This finding was verified by development of a stable two-member coculture that produced both peaks. Strain 2BP-48 (in coculture with BP212) could couple reductive dehalogenation of 2BP to growth, as shown by increases in the cellular protein content. A pure culture of strain BP212 could not dehalogenate 2BP. Strain 2BP-48 (in coculture) could also reductively dehalogenate ortho-substituted halophenols (2BP, 2,6-dibromophenol, and 2-iodophenol) by using lactate or formate as an electron donor, with production of phenol as the dehalogenation end product. In addition to dehalogenation, strain 2BP-48 appears to use sulfate, sulfite, and thiosulfate as electron acceptors. Taken together, this information suggested that strain 2BP-48 was the dehalogenating microorganism in the coculture. Stable cocultures of dehalogenating microorganisms have also been demonstrated for Desulfovibrio sp. fermenting lactate in the absence of sulfate with the dehalogenating strain Desulfitobacterium frappieri TCE1, which scavenges hydrogen (13) .
Finally, 2BP-48 appears to be a new dehalogenating bacterium belonging to the genus Desulfovibrio. The 16S rRNA gene sequence of strain 2BP-48 indicates that the closest relative is "D. gracilis"; this taxon has not been validly described, and only its 16S rRNA gene sequence is available. Two other Desulfovibrio strains that dehalogenate halophenols have previously been isolated from estuarine environments (6, 36) . Both are distantly related to strain 2BP-48. Additionally, 2-iodophenol could be dehalogenated by strain 2BP-48. There has been no report of iodinated phenol dehalogenation by an isolated strain, although such dehalogenation has been demonstrated with sediment enrichment cultures (16) . Finally, the optimum NaCl concentration for 2BP-48 is lower than that for other dehalogenating strains isolated from estuarine and marine sediments, including Desulfovibrio strain TBP-1 and Desulfovibrio dechloroacetovorans SF3 (6, 36).
In conclusion, understanding which microorganisms are involved in biological dehalogenation is important since it is a promising technology for use in bioremediation of aquifers and sediments. In addition, this technology could be potentially useful for removing polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans, polychlorinated biphenyls, and other halogenated aromatic compounds. For sediment bioremediation, it would be helpful to know the identities of organisms associated with the transformation of specific contaminants so that improved decisions could be made regarding the approach to use to stimulate desired activities. The combination of starvation and specific amendments coupled to reverse transcription of small-subunit rRNA should hasten the deter- a The concentration of 2BP (300 M) in the presence of sulfate (5 mM) was analyzed after 7 days, before either compound was completely consumed.
b The values are averages for duplicate cultures. c Protein yield of strain 2BP-48. In order to calculate the growth yield of strain 2BP-48 in the coculture, we subtracted the protein yield of strain BP212 from the total protein yield of the coculture based on the relative ratio of the two strains in the T-RFLP analysis.
d NA, not applicable.
mination of the microorganisms responsible for a given bioremediation process and lead to better, faster, cheaper strategies to remediate contaminated sites.
